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bstract

Thermodynamic calculations have been made to predict the stability of solid oxide fuel cell (SOFC) anode materials when exposed to hydrogen
ulphide (H2S) in hydrogen (H2) over a range of partial pressures of sulphur (pS2) and oxygen (pO2) representative of fuel cell operating conditions.
he study focussed on the behaviour of nickel and ceria, which form the basis of nickel–gadolinium-doped ceria (Ni-CGO) anodes, often used

s an active layer within SOFCs. The reaction of Ni with sulphur is predicted to become more favourable as temperature and hydrogen partial
ressure (pH2) decrease. Ceria is shown to become increasingly non-stoichiometric (CeOn, n < 2) as pO2 decreases and temperature increases, and
t is predicted that its reaction with sulphur becomes more favourable under these conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

To extend the range of applications for solid oxide fuel cells
SOFCs), they should be as fuel flexible as possible. How-
ver, many fuels contain sulphur which, even at low (ppm)
evels, may have a negative impact on SOFC performance.
he quantity of sulphur contained in various fuel types ranges

rom a few ppm to over 1000 ppm. Several parts per million
ppm) of sulphur-containing impurity are added as an odor-
nt to natural gas [1]. Commercial LPG contains 10–30 ppm
ulphur depending on the supplier [2,3]. Sulphur contained in
ypical gasoline and diesel varies from 100 ppm to 500 ppm
epending on the national regulations [4], while sulphur lev-
ls in biofuel can be over 1000 ppm. Sulphur is present in
uels in the form of many different compounds including

hiophenes, mercaptans and organic sulphides [5]. However,
ulphur compounds in a H2-rich environment readily con-
ert to H2S under typical steam reformer or SOFC operating
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emperatures. Therefore, H2S can be reasonably employed
s the source of sulphur for assessing its impact on SOFC
nodes.

This study uses thermodynamic calculations to explore the
ossible chemical interaction between Ni and ceria used in
OFC anodes with H2S in H2 concentrations found in operat-

ng devices. Results from these calculations are used to predict
he propensity of the interaction of sulphur with Ni and ceria,
hen exposed to a sulphur-containing atmosphere in varied gas

onditions (temperature, pH2 and pH2O).

.1. Interaction of sulphur with nickel

Nickel (Ni) is widely used as the metallic component of anode
ermets due to its good electrocatalytic activity, high electronic
onductivity and relatively low cost. However, Ni (as a catalyst)
s known to be poisoned by sulphur at concentrations of only

few ppm [5,6]. The interaction of sulphur compounds with

i may involve a number of steps: adsorption and dissociation,

econstruction of the surface, formation of sulphide at the sur-
ace (two-dimensional surface sulphide) or in the bulk at higher
ulphur concentration (three-dimensional metal sulphide) [7].

mailto:n.brandon@imperial.ac.uk
dx.doi.org/10.1016/j.jpowsour.2007.09.065
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he reaction of Ni with H2S can be expressed as

.5Ni + H2S ↔ 0.5Ni3S2 + H2 (1)

Sulphur affects Ni activity in numerous ways. It degrades the
atalytic activity of Ni through competitive adsorption with reac-
ant species [7]. It can further react with Ni, forming sulphurous
ompounds on the surface leading to the blockage of active sites
8]. At a critically high sulphur coverage, nickel sulphides (e.g.
i3S2) are formed as a bulk phase, decreasing the electronic con-
uctivity compared to Ni (Ni3S2 has an electronic conductivity
f approximately 102 �−1 cm−1 at room temperature [9]).

.2. Interaction of sulphur with ceria

Doped ceria (notably with gadolinium) has been studied
xtensively and successfully applied as an anode cermet con-
tituent for SOFCs operating at temperatures ranging from 773 K
o 1173 K [10].

Ceria has also been studied as a potential desulphurization
orbent [11–13]. It is an important material for three-way cata-
ysts and fluid catalyst cracking due to its redox behaviour and
xygen storage capacity.

As with other fluorite structured mixed valence oxides, ceria
an deviate from stoichiometric cerium dioxide (CeO2) to a non-
toichiometric form (CeO2−x, x < 2) [14]. With the ability to shift
asily between reduced and oxidized states, it can release and
ptake oxygen. Oxidation of reduced ceria occurs at room tem-
erature while reduction starts from 473 K. Reduced-state ceria
CeO2−x) is superior to CeO2 in acting as an H2S sorbent [15].
his suggests that reduced-state ceria is more likely to interact
ith sulphur than stoichiometric ceria in SOFC systems. The rel-

vant reactions relating to ceria reacting with sulphur have been
evised from sorbent development work [12,13]. CeO2 can be
educed in the presence of H2:

eO2 + xH2 ↔ CeO2−x + xH2O (2)

It can also be reduced when SO2 is present:

eO2 + xSO2 → CeO2−x + xSO3 (3)

Reduced-state ceria can react with H2S forming a sulphide
f ceria as shown by

CeO2−x + H2S + (1 − 2x)H2 ↔ Ce2O2S + (2 − 2x)H2O

(4)

In the anode environment of an SOFC, the mixed ionic elec-
ronic conductivity (MIEC) of CGO has the beneficial effect
f extending the triple phase boundary (TPB) away from the
nterface at which the electronically conducting phase, ionically
onducting phase and continuous pore space combine, increas-
ng the effective area over which the reactions necessary for fuel
ell operation occur [15–17]. The formation of sulphur com-

ounds on the metallic and ceramic components of the cermet
an lead to the loss of active sites at the TPB and the modi-
cation of surface properties, so poisoning the anode [18]. It

s also possible that the formation of a sulphide will affect the
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xide transport and redox chemistry of ceria, affecting its MIEC
roperties and potentially reducing the effective TPB length.

. Thermodynamic calculation procedure

The calculations were performed using HSC Chemistry®

.1 [19] to generate phase diagrams of the ternary compo-
ent systems of Ni–O–S and Ce–O–S. Cermets of nickel-
nd gadolinia-doped ceria (CGO) are being considered as an
ctive layer to promote anode kinetics for solid oxide fuel cells
perating over the temperature range 773–1173 K. Hence, the
nteraction between nickel, ceria and sulphur over this tempera-
ure range is of interest. The temperatures (673 K, 873 K, 1073 K
nd 1273 K) for phase diagrams were chosen to cover the ranges
f ceria operation.

Gd was found to be far more resistant to reaction with sulphur
han Ni and Ce, and due to its low (10 mol% in ceria) concen-
ration in CGO, Gd was not considered further in this study.

hile a temperature at 873 K was taken as a reference point
o represent the IT-SOFC temperature of operation frequently
sed with CGO electrolytes, temperatures of 673 K, 1073 K and
273 K were also studied to explore the impact of temperature
n sulphur interaction.

.1. Bounds of practical fuel cell operation

In order to consider the area of interest in the phase diagram
f Ni and ceria, the bounds of practical SOFC operation with
espect to pS2 and pO2 at the anode need to be defined. The
oundary values of pH2 and pH2O were calculated by assuming
mixture of 3% H2O and 97% H2 as the input to the anode,

epresenting the extreme case of a hydrogen fuelled SOFC, and
0% H2O and 10% H2 as the output composition (representing
0% fuel consumption of a hydrogen fuelled SOFC). These cap-
ure the outer bounds of pO2 that may be experienced within a
OFC device operating on reformed hydrocarbon fuels.

The pO2 value was calculated using the correlation between
he partial pressure of species and the equilibrium constant of
he reaction:

H2 + O2 → 2H2O (5)

The bounds of pS2 were defined to represent H2S concen-
rations ranging between 1 ppm and 1000 ppm. The pO2 value
erived from Eq. (5) is used to calculate the value of pS2. The pS2
as calculated using the correlation between the partial pressure

nd the equilibrium constant of the two main reactions:

H2S + O2 → S2 + 2H2O (6)

H2S → 2H2 + S2 (7)

The values of pO2 and pS2 for the various operating condi-
ions, used to define the area of interest in Figs. 1, 2, 4 and 5,

re presented in Table 1.

To study the impact of pH2 on the propensity of the inter-
ction of sulphur with Ni and ceria, a fuel composition of 20%
2 (constant 3% H2O) was chosen. However, this low amount
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Fig. 1. (a) Phase equilibrium of the Ni–O–S system at 673 K. The shaded area shows the phases of Ni over an H2S range of 1–1000 ppm in humidified hydrogen
(97% H2, 3% H2O to 10% H2, 90% H2O). (b) Phase equilibrium of the Ni–O–S system at 873 K. The shaded area shows the phases of Ni over an H2S range of
1–1000 ppm in humidified hydrogen (97% H2, 3% H2O to 10% H2, 90% H2O). The dotted line in the shaded area shows an H2S concentration of 140 ppm. (c)
Phase equilibrium of the Ni–O–S system at 1073 K. The shaded area shows the phas
3% H O to 10% H , 90% H O). (d) Phase equilibrium of the Ni–O–S system at 1273
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n humidified hydrogen (97% H2, 3% H2O to 10% H2, 90% H2O).

ig. 2. Phase equilibrium of the Ni–O–S system at 873 K. The shaded area
hows the phases of Ni in humidified hydrogen (97% H2, 3% H2O to 10% H2,
0% H2O; i.e. 90% fuel utilisation). The area defined by the solid lines shows
he phases of Ni with an input of 20% H2 and 3% H2O balance N2 (90% fuel
onsumption, H2S range of 1–1000 ppm). The area defined by the dotted lines
hows the phases of Ni with an input of 97% H2 and 1% H2O balance Ni (90%
uel consumption, H2S range of 1–1000 ppm).
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es of Ni over an H2S range of 1–1000 ppm in humidified hydrogen (97% H2,
K. The shaded area shows the phases of Ni over an H2S range of 1–1000 ppm

f H2 at the input to the fuel cell can also be thought to rep-
esent the fuel mixture found in coal syngas [20]. With 90%
uel consumption, a fuel mixture of 20% H2 and 3% H2O, bal-
nce N2, provides the output of 2% H2 and 21% H2O, balance
2. This represents the solid-line bounds at 873 K shown in
igs. 2 and 5.

To study the impact of pH2O on the propensity of sulphur to
nteract with Ni and ceria, a low amount of H2O in the gas input
as chosen as a fuel mixture of 1% H2O and 97% H2, balance
2. With 90% fuel consumption, a fuel mixture of 97% H2 and
% H2O, balance N2, gives and output composition of 10% H2
nd 88% H2O, balance N2. The bounds at 873 K, presented as
he dotted lines, are shown in Figs. 2 and 5. The values of pO2
nd pS2 at the bounds for different fuel mixture inputs are shown
n Table 2.

. Thermodynamic predictions
The phases of Ni and ceria in the H2S range of 1–1000 ppm
n humidified fuels over the composition range equivalent to 3%

2O, 97% H2 to 90% H2O, 10% H2 are defined by the shaded
rea in each of the diagrams shown in Figs. 1–5.
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Table 1
The values of pO2 and pS2 for different operating conditions in a range of H2S from 1–1000 ppm (a fuel mixture of 97% H2 and 3% H2O was used as the input,
with 90% fuel consumption—providing 10% H2 and 90% H2O as the output)

Temperature (K) Bounds at the input (97% H2, 3% H2O) Bounds at the output (10% H2, 90% H2O)

pO2 pO2, 1 ppm pO2, 1000 ppm pO2 pS2, 1 ppm pS2, 1000 ppm

673 2.21 × 10−36 1.62 × 10−21 1.62 × 10−15 2.00 × 10−31 1.62 × 10−19 1.62 × 10−13

873 1.23 × 10−27 2.33 × 10−18 2.33 × 10−12 1.12 × 10−22 2.33 × 10−16 2.33 × 10−10

1073 4.08 × 10−22 2.34 × 10−16 2.34 × 10−10 3.69 × 10−17 2.34 × 10−14 2.34 × 10−8

1273 2.60 × 10−18 5.61 × 10−15 5.61 × 10−9 2.35 × 10−13 5.61 × 10−13 5.61 × 10−7

Table 2
The values of pO2 and pS2 in a range of H2S from 1 ppm to 1000 ppm at 873 K for different input of fuel mixtures

Input Bounds at the input Bounds at the output

pO2 pS2, 1 ppm pS2, 1000 ppm pO2 pS2, 1 ppm pS2, 1000 ppm

2 8 × 10
9 3 × 10
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0% H2, 3% H2O 2.90 × 10−26 5.48 × 10−17 5.4
7% H2, 1% H2O 1.37 × 10−28 2.33 × 10−18 2.3

The Gibbs free energy of formation (�Gf) values of the
ompounds used to generate the Ni–O–S and the Ce–O–S sys-
em at 873 K and the corresponding references are presented in
ables 3 and 4, respectively. The tables also present the equa-

ions used to establish the temperature dependence of the �Gf
alues, covering the temperatures of the phase diagrams in this
tudy.

.1. Nickel phase behaviour

As shown in Fig. 1(a)–(d), eight possible compounds of
ickel with sulphur and oxygen; Ni, Ni3S2, NiS0.84, NiS, Ni3S4,
iS2, NiSO4 and NiO, can form depending on the reactant

onditions. It can be seen in Fig. 1(a) and (b) that at 673 K
nd 873 K the operating boundary straddles the two phases of
i and Ni3S2 depending on the concentration of H2S. Ni3S2

s the dominant phase at 673 K, and Ni at 873 K. At 1073 K

he operating boundary is mostly in the Ni phase as shown in
ig. 1(c); and almost completely in the Ni phase at 1273 K as
hown in Fig. 1(d). This shows that as temperature decreases,
he propensity of Ni to react with sulphur tends to increase,

ig. 3. Phase equilibrium of the Ce–O–S system at 873 K across a pO2 and pS2

ange of 10−120 to 1020 bar.
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−11 1.42 × 10−22 5.48 × 10−15 5.48 × 10−9

−12 1.07 × 10−22 2.33 × 10−16 2.33 × 10−10

lthough decreasing temperature actually lowers the pS2 level.
t an operating temperature of 873 K, Ni3S2 forms only at H2S

oncentrations higher than approximately 140 ppm, correspond-
ng to other work [32] which reported that nickel exists in the

etallic state only at pH2S/pH2 values below 10−3 to 10−4. As
hown in Fig. 1(b), sulphur interaction is favourable at H2S con-
entrations above 140 ppm at the output composition while it is
nfavourable at the input composition.

It is of interest to study the effect of pH2 and pO2 on the
eaction of Ni with sulphur in more detail by isolating the effect
f one from the other. When the reaction of Ni with sulphur at
he input and output compositions are considered, it can be seen
hat at the output, where the pH2 is less than that at the input, the
eaction of Ni with sulphur occurs at a lower H2S concentration,
s shown in Fig. 1(b). Fig. 2 shows the comparison between the
hases of Ni for input mixtures of 97% H2 and 20% H2 (both
ith 3% H2O, balance N2) in order to see the effect of change in
H2 with constant pO2. The phases with an input composition
f 97% H2 and 3% H2O (90% fuel consumption, H2S range of
–1000 ppm) are shown in the shaded area, while those with an
nput composition of 20% H2 and 3% H2O balance N2 (90%
uel consumption, H2S range of 1–1000 ppm) are defined by the
olid lines. It can be seen that the decrease in pH2 raises the pS2
evel—such that the reaction of sulphur with Ni occurs at lower

2S concentrations. As shown in Fig. 2, the area defined by the
otted lines shows the phase of Ni with an input composition of
7% H2 and a lower steam content of 1% H2O, balance N2 (90%
uel consumption, H2S range of 1–1000 ppm) in order to see the
ffect of a change in pO2 with constant pH2. It can be seen
hat the change in humidity content, which in turn influences
he pO2, does not have a significant impact on the pS2 level,
nd therefore does not significantly increase the extent of the
eaction of sulphur with Ni.

The eight phases predicted to be present in the Ni–O–S sys-

em agree with previous work by Shariat and Behgozin [32],
hich is based on the reference of Knacke et al. [27], though
broader set of reference data was used in this study [21–31].
mong the eight compounds, NiS0.84, NiS and Ni3S4 are not
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Fig. 4. (a) Phase equilibrium of the Ce–O–S system at 673 K. The shaded area shows the phases of ceria over an H2S range of 1–1000 ppm in humidified hydrogen
(97% H2, 3% H2O to 10% H2, 90% H2O). (b) Phase equilibrium of the Ce–O–S system at 873 K. The shaded area shows the phases of ceria over an H2S range of
1–1000 ppm in humidified hydrogen (97% H2, 3% H2O to 10% H2, 90% H2O). The dotted line in the shaded area shows an H2S concentration of 100 ppm. (c) Phase
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2O to 10% H2, 90% H2O). (d) Phase equilibrium of the Ce–O–S system at 12
n humidified hydrogen (97% H2, 3% H2O to 10% H2, 90% H2O).
table at all temperatures. NiS0.84 is stable at 673 and 873 K,
hile NiS is stable at 873 K and 1073 K. At temperature above
45 K Ni3S2 can change to Ni3S4 [33]. This may result in
i3S4 being present in the phase diagrams at 873 K, 1073 K and
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able 3
Gf values of compounds used to generate the Ni–O–S diagram at 873 K

ompound �Gf (kJ/mol) at 873 K

i −36.8

i3S2 −383.5

iS0.84 −142.2

iS −155.0

i3S4 −532.2
iS2 −221.1
iSO4 −1004.5

iO −291.6
ceria over an H2S range of 1–1000 ppm in humidified hydrogen (97% H2, 3%
. The shaded area shows the phases of ceria over an H2S range of 1–1000 ppm
273 K. However, it should be noted that the main phases in the
i–O–S system across the bounds of fuel cell operation in this

tudy are Ni and Ni3S2, which are stable across the temperature
nd pS2/pO2 range studied.

Temperature dependence Reference

−0.051T + 11.4 for 631 K ≤ T < 700 K [21]
−0.065T + 19.7 for 700 K ≤ T < 1200 K [21]
−0.08T + 37.6 for 1200 K ≤ T < 1728 K [21]

−0.21T − 187.0 for 298 K ≤ T < 829 K [22,23]
−0.36T − 66.6 for 829 K ≤ T < 1062 K [22]
−0.56T + 197.7 for 1062 K ≤ T < 3800 K [22,24,25]

−0.078T − 71.8 for 298 K ≤ T < 833 K [26]

−0.12T − 47.5 for 652 K ≤ T < 1249 K [22]
−0.21T − 76.1 for 1249 K ≤ T < 3400 K [27,24,25]

−0.35T − 234.7 for 298 K ≤ T < 1100 K [27,24,25]
−0.14T − 101.8 for 298 K ≤ T < 1280 K [22]
−0.21T − 825.6 for 298 K ≤ T < 1200 K [22,25]

−0.08T − 220.1 for 600 K ≤ T < 750 K [25]
−0.12T − 180.5 for 750 K ≤ T < 2230 K [25]
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Fig. 5. Phase equilibrium of the Ce–O–S system at 873 K. The shaded area
shows the phases of ceria with an input of 97% H2 and 3% H2O (90% fuel
consumption, H2S range of 1–1000 ppm). The area defined by the solid lines
shows the phases of ceria with an input of 20% H2 and 3% H2O balance N2

(90% fuel consumption, H S range of 1–1000 ppm). The area defined by the
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otted lines shows the phases of ceria with an input of 97% H2 and 1% H2O
alance N2 (90% fuel consumption, H2S range of 1–1000 ppm).

.2. Ceria phase behaviour

Fig. 3 shows the equilibrium system of ceria with sulphur and
xygen at 873 K across the pO2 and pS2 range from 10−120 to
020. Twelve phases: Ce, CeS, Ce3S4, Ce2S3, CeS2, Ce2O2S,
e2O3, CeO1.72, CeO1.83, CeO2, Ce2(SO4)3 and Ce(SO4)2 are
redicted in the Ce–O–S system. It can be seen in Fig. 4(a) that
t 673 K the Ce–O–S system is resident in the CeO2 and Ce2O2S
orms. At 873 K, as shown in Fig. 4(b), CeO2 can be reduced to
eO1.83 depending on the pO2. Thus, there is a mixture of CeO2,
eO1.83, and Ce2O2S at 873 K. At 1073 K, the operating bound-
ry covers a larger area of the CeO1.83 phase and also spans the
hases of CeO2 and Ce2O2S (Fig. 4(c)). At 1273 K, CeO1.83

s the dominant phase and the system also extends into the
hase of CeO1.72—indicating that a mixture of CeO2, CeO1.83,
eO1.72 and Ce2O2S can be present as shown in Fig. 4(d).
ig. 4 illustrates that the reduction to non-stoichiometric ceria

v
t
d
f

able 4
Gf values of compounds used to generate the Ce–O–S diagram at 873 K

ompound �Gf (kJ/mol) at 873 K

e −71.2

eS −544.8
e3S4 −1943.0
e2S3 −1359.1
eS2 −731.2
e2O2S −1855.4
e2O3 −1988.7
eO1.72 −1078.9
eO1.83 −1116.5
eO2 −1169.7
e2(SO4)3 −4318.6
e(SO4)2 −2519.1
er Sources 175 (2008) 60–67 65

s more favourable as pO2 decreases and temperature increases,
n agreement with experimental work [10–12].

Fig. 4(b) shows the phase diagram at 873 K, with certain
oncentrations of H2S explicitly stated. It can be seen that an
2S concentration around 100 ppm is likely to be the maxi-
um level at which the CeO2 is stable, avoiding the irreversible

ncorporation of sulphur at the input composition.
The pO2 has a significant impact on the interaction of sul-

hur with ceria at 873 K as shown in Fig. 5. The shaded area
hows the phases of ceria when exposed to sulphur with an input
omposition of 97% H2 and 3% H2O (90% fuel consumption,
2S range of 1–1000 ppm) while the area defined by the dot-

ed lines shows the bounds when the humidity content in the
nput composition was lowered to 1%. The area defined by the
olid lines shows the phases of ceria exposed to sulphur when
he H2 content was changed to 20%. As shown in Fig. 5, the
ecrease in pO2 causes the domain to cover a greater area of
he Ce2O2S phase—suggesting that the reaction of sulphur with
eria becomes more favourable as pO2 decreases.

In this calculation, variations of pO2 were investigated that
imulate the range of values expected to be found across the
ow-field of an SOFC operating at 90% fuel consumption, with
hydrogen feed. At 873 K, the pO2 lies in the range from 10−27

o 10−22 across the input to output composition. At the input fuel
omposition ceria can form stable CeO1.83 such that the reaction
f CeO1.83 with sulphur tends to be more favourable than that of
i (at the input composition the reaction of CeO1.83 with sulphur
ccurs at H2S concentrations above 100 ppm while that of Ni is
nfavourable). However, ceria tends to be more stable than Ni
t higher pO2 (approx. >10−26) where ceria exists as the CeO2
hase.

Among the twelve stable phases existing in the diagrams,
e2O2S is the most influential phase in determining the reaction
f sulphur with ceria under the operating condition of an SOFC.
herefore, the phase boundary between CeO2−x and Ce2O2S is

ery important in predicting the impact of sulphur on ceria, and
he accuracy of the boundary critically relies on the reference
ata of the compound. Eqs. (8)–(10) compare the �Gf for the
ormation of Ce2O2S as a function of temperature reported by

Temperature dependence Reference

−0.099T + 14.7 for 600 K ≤ T < 999 K [22]
−0.11T + 26.8 for 999 K ≤ T < 1071 K [22]
−0.15T + 75.7 for 1071 K ≤ T < 3695 K [22]

−0.15T − 418.3 for 298 K ≤ T < 1900 K [28,26,25]
−0.42T − 1581.7 for 298 K ≤ T < 1200 K [26]
−0.35T − 1064.6 for 298 K ≤ T < 2000 K [28]
−0.16T − 593.4 for 298 K ≤ T < 1152 K [27]
−0.28T − 1624.4 for 298 K ≤ T < 1700 K [27]
−0.28T − 1757.3 for 298 K ≤ T < 1300 K [29,25,30]
−0.13T − 971.1 for 298 K ≤ T < 1200 K [26]
−0.13T − 1010.5 for 298 K ≤ T < 1200 K [26]
−0.18T − 1022.0 for 298 K ≤ T < 2753 K [22,29,25]
−0.52T − 3864.1 for 298 K ≤ T < 1000 K [26]
−0.20T − 2343.0 for 298 K ≤ T < 398 K [31]
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ig. 6. Comparison of Gibbs free energy of Ce2O2S formation using different
ources of reference data (a) [27] (b) [34], (c) [35].

nacke et al. [27] (used in this study), Kay et al. [34], and Ferrizz
t al. [35], respectively.

Gf = −0.28T − 1624.4 for 298 K < T < 1700 K (8)

Gf = −0.32T − 1574.5 for 673 K < T < 1073 K (9)

Gf = −0.43T − 1456.9 for 873 K < T < 1073 K (10)

As shown in Fig. 6, the �Gf values used in this study (Knacke
t al. [27]) are in good agreement with those of Kay et al.
34]. The �Gf values of Ferrizz et al. [35] are however, higher
etween 873 K and 1000 K, which would alter the predicted
oundary of sulphide formation, increasing its onset from a H2S
oncentration of 100 ppm, which is derived from this study, to
pproximately 2600 ppm when considered at 873 K and a pO2 of
0−27. The phase diagrams reported by Kay et al. were derived
rom reference [36] whereas the results from Ferrizz et al. were
onstructed using data derived experimentally from temperature
rogrammed oxidation. The data of Ferrizz et al. is consistent
ith that of Key et al. at 1073 K. As temperature decreases to
73 K and 873 K, a larger deviation from the results of Kay et
l. was reported by the Ferrizz study; this deviation correspond-
ng to a difference in the predicted limit of sulphur tolerance of
i to S of one and three order of magnitude, respectively. The
isparity between the results in the literature suggests that fur-
her experimental work is necessary to better define the phase
oundary.

The thermodynamic data predicted in this study represent
he behaviour of the bulk phases under equilibrium conditions.
he thermodynamic predictions show that Ni and ceria are stable
hen exposed to 100 ppm H2S at 873 K, suggesting that sulphur

t this level will not affect the bulk properties of a Ni-CGO anode.
lthough the calculation shows that bulk sulphide formation of
i and ceria is not likely under these conditions, the reaction
f sulphur on surface needs to be considered. Future work is
ocused on understanding the impact of sulphur on the surface
ehaviour, and in turn on the catalytic properties, of Ni and ceria.
. Conclusion

Using thermodynamics calculations, the effect of pO2 and
S2 on the phase behaviour of Ni and ceria has been studied

[

[

er Sources 175 (2008) 60–67

ver a range of values which cover the bounds of practical IT-
OFC operation on sulphur-containing fuels. The reaction of Ni
ith sulphur is predicted to become more favourable as tem-
erature and hydrogen partial pressure (pH2) decrease. Ceria is
hown to become increasingly non-stoichiometric (CeOn, n < 2)
s pO2 decreases and temperature increases, and it is predicted
hat its reaction with sulphur becomes more favourable under
hese conditions. It is clear from this study that Ni and ceria do
ot form any bulk sulphide phases at up to 100 ppm H2S. The
mpact of sulphur on the surface properties of the anode is now
nder consideration.

An interesting consequence of this analysis is that the reaction
f sulphur with ceria is more likely to occur at the start of a
ow-field, where the pO2 of the fuel stream is lowest. It may

herefore be possible use pO2 to control the impact of sulphur
n this regime.
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